The hypothesis that monohydroxy bile acids exert their cholestatic and hepatotoxic effects via a sustained elevation of cytosolic [Ca2"] was tested in the isolated perfused rat liver. Ca2" exchange between the liver and perfusate. Despite the profound perturbation of intracellular Ca2" homeostasis produced by tBuBHQ, there was no decrease in bile flow and no evidence of hepatocellular injury (for 60 min), as indicated by lactate dehydrogenase release. In contrast, lithocholic acid (25
Receivedfor publication IO July 1989 and in revisedform 26 September 1989. Ca2+ storage (5) (6) (7) . In addition, the endoplasmic reticular Ca2+ store, or some portion of it, has been demonstrated to be rapidly released by inositol 1,4,5-trisphosphate during the process ofsignal transduction after the binding of many hormones and growth factors to their cell surface receptors (8) . Since Ca2+ is also a cofactor for catabolic enzymes such as proteases, phospholipases, and endonucleases, it is not surprising that sustained increases in cytosolic [Ca2+] have been implicated mechanistically in some types of cell death (9, 10).
Little is known about the mechanism of monohydroxy bile acid toxicity. However, it seems likely that the cholestatic and hepatotoxic effects of this class of compounds, which include lithocholic acid (LCA)' and taurolithocholic acid (TLC), probably result from their ability to alter the permeability characteristics of biological membranes (11) (12) (13) (14) . Recent attention has focused on bile acid-induced alterations in intracellular [Ca2+] ; however, there is considerable variation in the literature regarding mechanistic aspects of bile acid-induced perturbation of Ca2+ homeostasis. For example, LCA has been demonstrated to enhance the Ca 2 permeability of erythrocytes and model membranes (15) . More recently, LCA and TLC have been shown to increase the cytosolic [Ca2+] of isolated hepatocytes (16, 17) . Whereas in one study (17) the bile acid-induced changes in intracellular [Ca2] could be modulated by removing Ca> from the incubation medium, suggesting that influx of extracellular Ca2+ into hepatocytes contributed to the loss of viability observed, it has also been demonstrated that bile acids selectively permeabilize the endoplasmic reticulum to release the inositol 1,4,5-trisphosphate-mobilizable Ca>2 pool (16, 18). Mechanistic differences notwithstanding, it has been postulated that depletion of an intracellular Ca>2 store that is essential for bile acid secretion and/or prolonged elevation of cytosolic [Ca>2] is responsible for bile acid-induced cholestasis and hepatotoxicity (15) (16) (17) (18) .
The isolated perfused rat liver system has been used to examine both physiological and pathological aspects of Ca2+ homeostasis, such as the rapid efflux of Ca2+ from the liver which occurs within seconds of hormone binding to cell surface receptors (19, 20) or Ca2+ entry into the liver as an early event in hepatotoxicity produced by menadione (21) and cystamine (22). In these studies we used the isolated perfused liver to examine the potential role of Ca>2 fluxes in bile acid-induced liver injury. The hypothesis that a sustained release of endoplasmic reticular Ca2+ would cause impairment of bile flow and hepatocellular necrosis was tested using the potent and specific inhibitor of ATP-dependent microsomal Ca2+ sequestration, 2,5-di(tert-butyl)-1 ,4-benzohydroquinone (tBuBHQ). In recent studies from this laboratory using subcellular fractions (23) and isolated hepatocytes (24) , it has been demonstrated that tBuBHQ specifically depletes the inositol Table I ). Bile -flow was also reduced 80-95% by TLC (5 AM) ( Fig. 1 B and Table I ). The extent of reduction in bile flow depended on the duration of bile acid infusion. In contrast to the bile acids, tBuBHQ only slightly altered bile flow during infusion ( Fig. 1 C) , an effect that was reversible and similar in magnitude to that of the vehicle (ethanol; Table I ).
The onset of cholestasis during bile acid infusion was accompanied by an increasing leakage of LDH from the liver into the perfusate (Fig. 1, B and C). Perfusate levels of LDH activity continued to rise after cessation of bile acid infusion. No significant LDH activity was detected in perfusate samples for 50 min after initiation oftBuBHQ infusion (Fig. 1 C) or for the corresponding time in control experiments (data not shown).
Ca2" fluxes between liver and perfusate during infusion of bile acids and tBuBHQ: comparison with Ca2"-mobilizing hormones. Infusion ofeither 10 nM vasopressin or 2 MM phenylephrine for 3 min provoked Ca2" release from the liver, which is in agreement with previous reports (19, 20) . Hormone-induced Ca2" releases were only slightly attenuated (< 15%) upon repeated hormone exposures administered at intervals of 10 min or longer (not shown). Release of free Ca2+ into the hepatic outflow tract was undetectable during bile acid infusion (Fig. 2, B and C) . A slight negative deflection in the Ca2" signal was consistently noted at the onset of bile acid infusion; however, this probably represented a direct effect on the responsiveness of the calcium electrode, since similar effects were observed when the test substances were infused into the circuit without the liver being present (not shown). In contrast to the bile acids, infusion oftBuBHQ caused a substantial efflux of Ca2" from liver into the vascular space (Fig. 2 A) .
Release of Ca2, into the perfusate began 2-3 min after starting tBuBHQ infusion, rose to a peak at 5-7 min, and then declined to basal values by 9-12 min. When ylephrine were infused immediately after the infusion of tBuBHQ, there was complete abolition ofhormone-stimulated Ca2" efflux into the perfusate (Fig. 2 A) . During the ensuing 70 min, the ability to mobilize hepatic Ca2+ in response to hormone infusions gradually returned (shown in part, Fig. 2 A) . These observations in the intact liver indicate that tBuBHQ initially produced complete release of the hormone-responsive endoplasmic reticular Ca2+ pool, and that inhibition of Ca2+ reuptake into this compartment was sustained for at least 30 min.
In contrast with the results obtained with tBuBHQ, vasopressin and phenylephrine stimulated apparently normal efflux of hepatic Ca2' both during and after infusion of TLC and LCA (Fig. 2, B and C) . The onset of cholestasis and release of LDH produced by these agents were not associated with diminished hormone-induced Ca2+ signals. Moreover, repeated infusions of hormones continued to elicite the physiological Ca2' response after the development of bile acid-induced cholestasis and enzyme leakage (Fig. 2, B and C) . These observations indicate that the inositol 1,4,5-trisphosphate-mobilizable Ca2" pool was not released by the bile acids, and that Ca2+ reuptake after prior inositol 1,4,5-trisphosphate-mediated release was preserved.
Hepatic glucose release during infusion of bile acids and tBuBHQ. Since cytosolic [Ca2+] is a major regulator of phosphorylase a activity, hepatic glucose release was used as an indicator of cytosolic free [Ca2+] (19, 26, 27) . Infusion of tBuBHQ resulted in enhanced glucose output from the perfused liver (Fig. 3) , which is consistent with the Ca2+-mobilizing activity of tBuBHQ (24) . The change in effluent perfusate glucose concentration after infusion of tBuBHQ was greater than that produced by vasopressin (Fig. 3) , and the temporal profile differed in that enhanced glucose release, and thus by implication increased cytosolic [Ca2+] , continued for at least 20 min after cessation oftBuBHQ infusion (Fig. 3) . Unlike the effects of hormones or tBuBHQ, hepatic glucose release was not significantly altered during infusion of either LCA or TLC (Fig. 3) . 
